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Abstract 
Passivation of silicon surfaces is an important requirement in achieving high energy conversion efficiencies in interdigitated back 
contact cells. Surface passivation, commonly achieved by dielectric coatings, can be greatly improved by extrinsic addition of 
chemical and field effect components. In particular, cell performance is strongly dependent on front surface passivation. In this 
work device modelling is used to show that 200% relatively better performance can be achieved using charge extrinsically added 
to a passivation coating without the need for a front surface field. Research scale cells have been tested as a function of front 
surface corona charge. On average an absolute improvement in efficiency of 0.3% ±0.3 and 0.13% ±0.12 has been observed on 
cells without and with a front surface field. These results show that extrinsic field effect passivation can produce significant 
improvements in cell efficiency. 
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1. Introduction 
Silicon solar cells exceeding 25% efficiency are now possible thanks to innovative geometries and very precise 
fabrication processes [1]. The highest efficiency is normally demonstrated in cells with sophisticated and optimised 
processing steps, which are often only carried out at research scale rather than commercially. The challenge remains 
to develop industrially compatible processes in such a way that they are implemented and improve the production 
cost and/or performance of commercial solar cells. Minimising surface recombination losses is a key requirement in 
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the fabrication of high efficiency (>20%) silicon solar cells. For this, effective passivation coatings have been 
devised by exploiting the chemical and field effect properties of dielectric materials like SiO2 [2], SiNx [3] and AlOx 
[4]. It was recently reported that post-deposition processing techniques, termed extrinsic processes, can significantly 
improve the quality of the passivation coating [5,6]. Furthermore outstanding passivation of silicon surfaces [7] and 
improvement in solar cell performance [8] was demonstrated using extrinsic field effect passivation provided by 
corona charging of dielectric coatings. Previous reports  [9] [10] have suggested that up to 0.5% (absolute) gain in 
efficiency could be obtained from improving front surface passivation in screen-printed front contact solar cells, and 
over 2% gain from improving the rear surface. Most studies coincidently report absolute increments between 0.5 
and 1% from enhanced front side passivation, and 1 to 3%  from rear side passivation in solar cells with efficiencies 
exceeding 18% [9,11–14]. Additionally, it has been shown that for thinner solar cells the Voc and ߟ depend more 
strongly on front  surface recombination velocity [15]. These studies, however, did not separately assess the field 
effect component of passivation, nor did they study the more efficient back-contact solar cell geometry. A previous 
report by the present authors studied the extent to which extrinsic passivation can improve the overall passivation 
quality of silicon dioxide on silicon [16]. This manuscript furthers such studies by providing a modelling analysis 
and experimental measurements of the influence of extrinsic field effect passivation (FEP) on the performance of 
interdigitated back-contact (IBC) silicon solar cells. These results demonstrate that new and inexpensive 
methodologies can be applied to enhance front surface passivation and thus improve the performance of back 
contacted silicon solar cells. 
 
2. PC2D simulation of FEP in IBC cells  
Back contacted solar cells have been shown to perform substantially better than front contacted ones thanks to the 
reduction in shading and resistive losses. A commercial IBC solar cell was simulated in PC2D [17] to quantify the 
improvements available when extrinsic FEP is applied via corona discharge. The cell schematic is illustrated in Fig. 
1 where the simulation domain has been defined using 20 x 20 elements. The cell area was 1 cm2 and its parameters 
were chosen to be similar to those of IBC cells fabricated by Fraunhofer ISE [18]. The surface recombination in 
PC2D is characterized by the dark saturation current density J0. The J0 metric includes recombination occurring in 
the doped (bent band) region near the surface, for example in front and back surface fields, or at ohmic contacts. 
Here, J0 was found using a simulation method recommended by Cabanas-Holmen and Basore [19]. This involved 
simulating a diode comprising a moderately doped base and the highly doped surface layer such as that proposed for 
the n+ front surface field (FSF) in an IBC cell using an complementary error function profile with npeak=5 x 1018 cm-
3, 1.4 ȝm junction and a Rs=148 ȍ/sq. This simulation was executed for a varying concentration of surface charge 
and for a front surface both diffused and un-diffused with the FSF.  
 
Fig. 2 illustrates the performance of a model IBC solar cell with and without an n+ FSF of ܴ௦ ൌ148 ȳ/sq. When 
the FSF is present positive charge deposited on the top surface improvedߟ, Jsc and Voc by 0.51%, 0.6 mA/cm2 and 5 
mV, respectively. Negative charge, on the other hand, produced a reduction in the performance of the cell. In the 
absence of a FSF, recombination at the front surface reduces by over 3 orders of magnitude when FEP is applied. 
This is evident from the decrease in dark saturation current in Fig. 2.b. ߟ, Jsc and Voc are seen to improve by 12%, 20 
mA/cm2 and 60 mV, respectively, when front surface charge increases from 109 to 1013 q/cm2. This is an astounding 
improvement in cell efficiency only due to front surface field effect passivation. 
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Fig. 1. Simulation domain and definition of regions for the IBC cell modelled in PC2D. 
It is important to note that, at its highest point, the efficiency obtained for a cell without the expensive FSF 
exceeds that obtained in a cell with a FSF and no dielectric charge. This is due to a reduction in intrinsic Auger and 
radiative recombination in the heavily doped surface region which is required to produce a FSF. When charge is 
present in both the FSF and no-FSF cells the efficiency of the no-FSF cell exceeds that of a FSF cell by 0.03% 
absolute, with the extrinsically deposited charge being a potentially much lower cost approach. This indicates that 
regardless of the presence of a FSF, the cell efficiency is largely governed by the passivation quality of the front 
surface, and that extrinsic FEP alone can provide excellent passivation and thus cell performance. 
 
 
Fig. 2. Dark saturation current in a model diode simulated in PC1D and cell performance simulated in PC2D when front surface charge is 
modified for a. an n-type IBC cell that includes a 148 ષ/sq FSF for passivation, and b. an n-type IBC cell without a FSF.  
3. Influence of FEP on research scale IBC cells 
Fourteen 2 x 2 cm2 IBC cells were fabricated at Fraunhofer ISE including cells with and without a FSF (cells of 
Type A and C in reference [18]).  These were tested to determine the effect of extrinsic FEP using an ISO 
calibrated solar simulator at Fraunhofer ISE. The cells were charged for a period of time and then directly taken to 
the solar simulator for characterisation. The corona discharge was a point to plane configuration with a distance of 8 
cm, and 8 kV applied to the point electrode. Fig. 3 illustrates the aggregate and normalised results for the change in 
cell performance (Voc, Jsc and ߟ) under AM1.5 illumination as corona charge is deposited on the front surface of 
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both groups of cells. The IV characteristics were acquired several times on each cell to account for experimental 
error in the handling and measuring procedures.  It was observed that excessive deposition of corona charge resulted 
in a degradation of the cell performance due to dielectric breakdown. This is not included in Fig. 3 as only the 
optimal corona charge measurements are illustrated for meaningful comparison. These results show that regardless 
of the presence of a FSF a substantial improvement in cell performance is available when positive charge is added to 
the front surface of IBC cells. Only in one cell did extrinsic FEP not improve cell performance. Thirteen different 
cells showed a level of improvement in efficiency, ranging from 0.01 to 0.7% absolute. For cells without (with) a 
FSF a 0.9% (0.5%) relative improvement in efficiency was produced. Jsc improved by 0.1% (0.02%), while Voc 
remained largely constant. This demonstrates that extrinsic FEP can be used controllably to enhance the passivation 
properties of IBC cells and therefore improve their performance. 
 
 
Fig. 3. Normalised performance of 5 IBC solar cells without a FSF and 8 with a FSF, before and after corona discharge has been deposited to an 
optimal passivation level. Plot box illustrates media, 95% confidence interval and standard deviations. Outliers are illustrated as red crosses.  
4. Conclusions 
Simulations showed that up to 200% relatively better performance of IBC solar cells may be achieved by using 
extrinsic passivation without the need for a FSF. A cell which uses a passivating FSF also benefits from extrinsic 
FEP, however the need for such FSF is eliminated since for the same dielectric charge, IBC cells without the FSF 
are predicted to perform better. This important finding translates into cost-reduction in the production line of IBC 
cells, since no lengthy high temperature diffusions are required on the front surface to produce the FSF when 
dielectric films can withstand enough charge. 
Research scale IBC cells have been characterised as a function of improved FEP produced using corona charge. 
On average, four IBC solar cells lacking a FSF were seen to have an absolute improvement in efficiency of 0.3% 
േ0.3, while eight IBC cells with a FSF improved by 0.13% േ0.12. This indicates that the improvements achieved 
varied widely, yet extrinsic FEP produces a higher improvement in efficiency for cells that do not have a FSF, as 
predicted from simulations.  
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